INTRODUCTION
In the manufacture of hollow jet engine turbine blades, monitoring the wall thickness is an important component of quality control. Because of the inaccessibility of the inner air channel to mechanical probing, ultrasonics provides one of the few means by which the necessary measurements can be done. The complex shape of the blades and the fact that they are often acoustically anisotropic make this a challenging problem. Alternative techniques have been investigated [ 1] for the wall thickness measurements but ultrasonics still presents the best option, and hence the continued interest in this problem{2].
In this paper we report on a procedure we have implemented on a laboratory scale for carrying out wall thickness measurements on hollow single crystal superalloy gas turbine blades. The particular superalloy used is nickel-based and is known as SMP-2; it is very similar in composition to CMSX-4. Our procedure is based on pulse echo time of flight measurements carried out in a water tank with a focused ultrasonic probe. By scanning the probe, the variation of the wall thickness over the blade is obtained. Prior to the ultrasonic measurements, the external profile of the blade is recorded with a coordinate measuring machine. Extraction of the wall thickness from time of flight data requires knowledge of the crystallographic orientation of the component so that the dependence of the ultrasound velocity on the direction can be determined. This is obtained by Laue Xray diffraction.
EXPERIMENTAL DETAILS AND APPARATUS.
The procedure we have implemented comprises three steps. First, the component's external profile is determined using an LK G80C coordinate measuring machine (CMM) and recorded as a set of points in a 3-D Cartesian coordinate system. Then, using a customized transmission Laue X-ray diffraction setup, the crystallographic orientation of the component is determined with respect to the component's axes defined by the CMM. The component's profile is then transferred, as a file, from the CMM's host computer to a computer interfaced with the scanning ultrasonic probe (FATHOM IM90 Scanning Acoustic Microscope). The component profile data is used to control the movement of the scanning probe, keeping it normal to, and with focal point on the surface of the component. The ultrasonic probe is operated in pulsed mode and time of flight data pertaining to the front and back wall echoes is collected. The extraction of the wall thickness from this data is discussed in a later section.
A preliminary investigation was carried out on a specially cast test piece in the shape of a cylinder with a conical cap as depicted in figure 1. The shape of the test piece provided scope for ultrasonic measurements in a wide range of crystallographic directions. Since this shape and hence the wall thickness could be accurately measured with the CMM, the test component provided a way of confirming the crystallographic orientation measurement technique and also yielded an optimized set of elastic constants for the superalloy.
The inner concave and outer convex surfaces of the casting are labelled the high pressure (hp) and low pressure (lp) sides respectively, in conformity with the terminology for turbine blades. The computer interfaced to the SAM created a 'scan plan' which also comprised a set of direction cosines of normals at all the profile points using the /p file generated by the CMM. The ultrasonic probe, operating at 2SMHz, used this data to align itself normally to the sample surface and with focal point on that surface as it scanned the component. For normal isonification the wavenormal remains unchanged as the ultrasonic pulse passes between the water transmission medium and the component, regardless of anisotropy. Also, since the wall thickness is much less than the radius of curvature of the component, the component can be regarded as locally flat, and the reflection off the opposite surface also involves no change in the wave normal. Under these conditions the transit time of the ultrasonic pulse in the solid is given simply in terms of the wall thickness and ultrasonic phase velocity component's surface. In our coding to calculate the directional dependence of the phase velocity we have made use ofc1osed form solutions of Christoffel's equations [3] . The dominant echo that we observe corresponds to longitudinal (L) wave transmission through the component. In non-symmetry directions there is significant mode conversion and pronounced transverse (1) wave echoes can be observed. We comment on these in a later section. Using the L echo, the thickness d at each profile point was obtained from the transit time t measured there by
(1) These ultrasonically measured thicknesses were then compared with the mechanically measured values. The latter were obtained by utilizing the CMM file for the hp side to generate a spline surface, from which the minimum distances to the lp profile points were taken as the actual thickness measurements.
The calculation of vP(L) requires knowledge of the three elastic constants ClI , Cll, and C44 of the superalloy. Data on these constants was available from two sources [4] [5] . While reasonable agreement between the ultrasonically and mechanically measured thicknesses was obtained using these elastic constants, we found that the fit could be significantly improved by adjusting the values of the elastic constants. We obtained an optimum set of elastic constants by minimizing (2) where the sum is over all the profile points at which thickness measurements were taken and runs over both the cylindrical and conical sections of the test piece, d,meas are the thicknesses measured by the CMM and d,"lrra the ultrasonically determined thicknesses at the profile points.
RESULTS AND DISCUSSIONS Table 1 shows the elastic constant values obtained in our fitting procedure for data on the test component together with the values obtained by a resonance technique [4] and by a pulse echo technique [5] . The density of the superalloy is 8.73g1cm 3 . Figure 2 gives the resulting comparison between the CMM measured thicknesses over the conical and cylindrical sections of the test component and the corresponding values obtained ultrasonically using these optimized elastic constants. Overall, the ultrasonic measurements conform with the CMM measured thicknesses to within 2% (disregarding the end points, where the CMM measurements are prone to error). Shown are the external profile as measured by the CMM (dots), the internal profile as measured by the CMM (spline fit), and the internal profile as inferred from the ultrasonic data (dots). Approximately the same absolute accuracy was achieved on the turbine blade as with the testpiece, but because the wall thickness of the blade is about a factor of 4 smaller than that of the testpiece, the relative errors are larger for the blade, but nevertheless below 10%.
AMPLITUDE VARIATION OBSERVATION
There is considerable variation in the echo amplitudes for pulses propagating in different directions through our specimens. The main source of this variation, at least in the test component, is the acoustic anisotropy of the superalloy. This causes the transmission and reflection amplitudes at the front and back surfaces to be dependent on the surface orientation. A consequence of this is that well away from the high crystallographic symmetry directions there is significant mode conversion to T waves in the component. In some directions the T wave echoes thereby achieve a significant fraction of the L wave echo amplitude. A second and even more important affect of anisotropy is focusing brought about by the variable shape of the acoustic slowness or constant frequency surface. Because acoustic rays V=Vkco(k) are normal to this surface, the acoustic energy flux is inversely proportional to the Gaussian curvature K of the surface and hence, in the far field, there is a factor ..J(IIK) in the echo amplitude that depends on direction. The variable wall thickness plays a somewhat smaller role in ,.
". determining the echo amplitude. In the case of the turbine blade, the high curvature of the leading and trailing edges has a pronounced effect on the echo amplitudes, but we will not discuss that effect here.
The method we have implemented for calculating the directionally dependent echo amplitude is an extension of the approach ofLevin [6] . It is based on the angular spectrum method for the acoustic field generated by the small aperture (half angle of the focal cone (80=5.6) focused probe. We take into account all the mode conversion channels at the front and back surfaces and calculate for all the 9 possible mode sequences for a single passage of the wave back and forth through the specimen. For each mode sequence the progress of the wave field is followed through the specimen and the stationary phase approximation is invoked in the integration over the aperture to obtain the returning echo amplitude. The echo delay time is found to conform with Eq.(l) even though the path of the wave is in general oblique to the surface normal and in the direction of the ray vector. With the lens focus located on the front surface, the echo signal amplitude for each surface orientation is found to depend inversely on the square root of the Gaussian curvature at the corresponding point of the slowness surface of the superalloy. From observation and calculation the longitudinal mode echo is the dominant one in all directions, but varies considerably in amplitude as the probe is moved round the component. Figure 6 shows the amplitude variation of this echo at three different scanned heights as a function of profile point number. The measured data was obtained from the backwall echo amplitude using a stop threshold to obtain the negative voltage at the peaks. The main contributory factor in the L echo variation is the marked variation in the curvature of the L sheet of the slowness surface, while mode conversion plays a smaller role. For this reason the L mode amplitude is a minimum near the [100] crystallographic directions. The deviation of the last approximately 16 experimental points of each scan is a consequence of a slight change in crystallographic orientation at a small angle grain boundary near the middle of the component. The behavior of the Techo amplitudes is more complex, being influenced by large variations in the mode conversion coefficients and also focusing. Our calculations are able to qualitatively explain this behavior.
CONCLUSION
Wall thickness measurements have been carried out on two single crystal nickel-based superalloy components, a specially cast testpiece and a gas turbine blade. The measurements on the testpiece yielded an optimized set of elastic constants for the superalloy. Mechanically and ultrasonically measured thicknesses agree to within 2% for the testpiece and 10% for the blade. Echo amplitude variations observed are in reasonable accordance with calculation. The simple analysis of the pulse transit time based on the phase velocity breaks down at the leading and trailing edges of the blade where the curvature is largest. A more detailed analysis taking into account this curvature is underway.
